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Cytokines often deliver simultaneous, yet distinct, cell growth and
cell survival signals. The 70-kDa ribosomal protein S6 kinase
(p70S6K) is known to regulate cell growth by inducing protein
synthesis components. We purified membrane-based p70S6K as a
kinase responsible for site-specific phosphorylation of BAD, which
inactivates this proapoptotic molecule. Rapamycin inhibited mito-
chondrial-based p70S6K, which prevented phosphorylation of Ser-
136 on BAD and blocked cell survival induced by insulin-like growth
factor 1 (IGF-1). Moreover, IGF-1-induced phosphorylation of BAD
Ser-136 was abolished in p70S6K-deficient cells. Thus, p70S6K is
itself a dual pathway kinase, signaling cell survival as well as
growth through differential substrates which include mitochon-
drial BAD and the ribosomal subunit S6, respectively.

The maintenance of cellular homeostasis within organs is
mediated in part by a critical interdependence between cells

of different types. This includes a cellular dependence on a series
of factors, such as IGF-1, nerve growth factor, or interleukin-3
(IL-3), that transduce signals through surface receptors to
repress apoptosis and stimulate growth of target cells (1–5). The
BCL-2 family of proteins that regulate cell death is frequently a
target of posttranslational modification downstream of both
survival and death signal transduction cascades (6, 7). Such
modifications to BCL-2 members often dictate their active-
versus-inactive conformation, subcellular localization, and part-
ner proteins. BAD is one such target, a ‘‘BH3 domain-only’’
proapoptotic member sharing sequence homology only within
the BH3 amphipathic a-helical domain (8–11). In the presence
of requisite survival factors, cells phosphorylate BAD on two
serine residues (S112 and S136) embedded within 14-3-3 con-
sensus binding sites. Phosphorylated BAD appears to be the
inactive moiety sequestered in the cytosol bound to 14–3-3,
freeing BCL-XL or BCL-2 to promote survival. Only the active,
nonphosphorylated BAD heterodimerizes with BCL-XL or
BCL-2 at membrane sites to promote cell death (12). It has been
recently reported that S155 in the BH3 domain is also phos-
phorylated to disrupt the binding of BAD to BCL-XL or BCL-2
(13–17).

Several kinases have been noted to phosphorylate BAD
(18–25). For example, 90-kDa Ribosomal S6 Kinase in the
mitogen-activated protein kinase pathway phosphorylates S112
of BAD (19, 20). We noted that IL-3-induced BAD kinase
activity resides predominantly at membrane sites. In this context,
we purified protein kinase A tethered to mitochondria by an A
kinase anchoring protein as the kinase responsible for phos-
phorylating S112 of BAD at that target organelle (21). In
multiple systems, activation of the phosphatidylinositol 3-kinase
pathway appears responsible for the phosphorylation of BAD on
S136. For example, the downstream kinase AKT (protein kinase
B) is capable of phosphorylating S136 and inactivating BAD
(22–24). Yet when AKT was immunodepleted from an hema-
topoietic cell line, considerable activity remained, which makes
the argument that AKT may not be the principal kinase directly
responsible for phosphorylating BAD S136 in this system (21).

Here, we purified membrane-based 70-kDa ribosomal protein
S6 kinase (p70S6K) as a BAD S136-specific kinase. Rapamycin,
which blocks mitochondrial-based p70S6K activity, inhibits IGF-
1-induced BAD S136 phosphorylation and cell survival. The
p70S6K-deficient cells support the importance of IGF-1-induced
BAD S136 phosphorylation by this kinase.

Materials and Methods
Purification of S136-Specific BAD Kinase. The entire purification was
done at 4°C or on ice. The crude membrane fraction from 20
liters of FL5.12 BCL-XLyBAD cells (about 5 3 1010 cells) was
applied to a HiTrap Q column (Amersham Pharmacia) equili-
brated with buffer A [20 mM Tris (pH 7.5)y100 mM NaCly25
mM NaFy1 mM Na3VO4y10 mM b-glycerophosphatey1 mM
DTTy0.15 unit per ml aprotininy20 mM leupeptiny1 mM phe-
nylmethylsulfonyl f luoride]. After washing with buffer A, bound
proteins were eluted with a linear gradient of 0.1–0.5 M NaCl in
buffer A. Fractions were assayed for BAD S136-specific kinase
activity by using glutathione S-transferase (GST)-BAD S112A as
a substrate. The active fractions were pooled and buffer was
exchanged into buffer B [50 mM sodium phosphate (pH 7.0)y1
mM EDTAy1 mM DTTy0.05% Brij-35] by using a Sephadex
G-25 column (Amersham Pharmacia). Appropriate fractions
were loaded onto a HiTrap SP column (Amersham Pharmacia)
equilibrated with buffer B. The active fractions were pooled,
made 1 M in ammonium sulfate, and loaded onto a phenyl-
Sepharose column (Amersham Pharmacia) equilibrated with
buffer B containing 1 M ammonium sulfate. The column was
eluted with a linear gradient of 1.0–0 M ammonium sulfate in
buffer B. The active fractions were pooled and buffer was
exchanged into buffer C [10 mM sodium phosphate (pH 6.8)y1
mM EDTAy1 mM DTTy0.05% Brij-35] by using a Sephadex
G-25 column. Appropriate fractions were loaded onto a hy-
droxylapatite column (Bio-Rad) equilibrated with buffer C. The
column was eluted with a linear gradient of 10–400 mM sodium
phosphate in buffer C. The active fractions were pooled, the
buffer was exchanged into buffer B, and the preparation was
loaded onto a Mono S 5y5 column (Amersham Pharmacia). The
column was eluted with a linear gradient of 0–0.5 M NaCl in
buffer B. Then the active fractions were pooled, buffer was
exchanged into buffer A, and the preparation was loaded onto
a Mono Q 5y5 column (Amersham Pharmacia). The column was
eluted with a linear gradient of 0–0.5 M NaCl in buffer A.

In-Gel Kinase Assay. In-gel kinase assay was carried out essentially
as described (26). GST-BAD S112A (0.3 mg/ml) was incorpo-
rated in a polyacrylamide gel as a substrate.
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Transfection and Luciferase Assay. Transient transfections were
performed in Rat-1a cells with pcDNA3-derived constructs. The
luciferase reporter plasmid (100 ng) was mixed with 50 ng of
BAD expression vectors and 350 ng of p70S6K constructs. The
plasmids were mixed with 3 ml of Fugene 6 (Roche) in a volume
of 0.5 ml added to Rat-1a (1 3 105 cells). Twenty-four hours after
transfection, serum was withdrawn for 16 h. Then cells were lysed
and luciferase assays were performed by using a standard
substrate (PharMingen). The reduction of the luciferase activity
is because of cell death, as previously defined (9, 27).

Western Blot Analyses. The analyses were carried out as described
(12). The antibodies were obtained and diluted for use as follows:
anti-p70S6K, Santa Cruz Biotechnology, 1:1000; anti-BAD,
Santa Cruz Biotechnology, 1:250; anti-phospho-specific BAD,
from M. Greenberg (Children’s Hospital, Boston), 1:1000; anti-
AKT, from P. Tsichlis (Kimmel Cancer Center, Philadelphia),
1:1000; anti-phospho-AKT, New England Biolabs, 1:1000.

In Vitro Kinase Assays. The BAD kinase assays were carried out as
described (21).

Results
Purification of p70S6K as the Membrane-Based BAD S136 Kinase. We
turned to the membrane fraction of factor-dependent hemato-
poietic cells in which BAD kinase activity is predominantly
localized to purify BAD S136-specific kinase(s). Kinase activity
was enriched by fractionating this membrane preparation
through a series of chromatographic purification steps, selecting
for activity that phosphorylated a BAD S112A peptide, but not
a BAD S112AS136A peptide (neither S112 nor S136 available)
(Fig. 1A) (21). The peak kinase activity specific for the BAD

S136 site was present principally in fraction 14 of the final Mono
Q column (Fig. 1B). An in-gel kinase assay was performed with
BAD S112A as a substrate, and it revealed a single band of '70
kDa in fraction 14 and weakly in fraction 15, consistent with the
kinase activity of the corresponding fractions (Fig. 1B). Nano-
electrospray mass spectroscopy of tryptic peptides derived from
the corresponding sized band from a silver-stained gel (28)
identified the protein as 70-kDa ribosomal protein S6 kinase
(p70S6K). This identification included detection of a tryptic
fragment unique to p70S6K that is not present in the alternative
p60S6K2 enzyme (29). Subsequent Western blot analysis of
fraction 14 confirmed the 70-kDa protein present as p70S6K
(Fig. 1C). Finally, recombinant p70S6K displayed the same
S136 specificity as the purified BAD kinase within fraction 14
(Fig. 1D).

Rapamycin, Which Blocks p70S6K, Inhibits IGF-1- but Not IL-3-Medi-
ated Survival. We next determined whether the candidate kinase
p70S6K effected phosphorylation of BAD S136 in vivo and
influenced cell survival. Rapamycin blocks p70S6K activity in
cells by binding FKBP12, which complexes and inhibits a critical
upstream kinase, termed ‘‘mTORyFRAP’’ (30, 31). To examine
whether p70S6K could mediate survival-factor signaling through
phosphorylation of BAD S136, we assessed the effects of rapa-
mycin on a BAD-dependent system. FL5.12 BCL-XLyBAD
S112A cells provide this opportunity, as they possess an intact
BAD S136 site. In this paradigm, cells were deprived of survival
factor for 4 h to initiate a death signal. After that incubation,
either IGF-1 or IL-3 was added back in the presence or absence
of rapamycin. Rapamycin effectively inhibited IGF-1-dependent
survival of FL5.12 BCL-XLyBAD S112A cells (Fig. 2A). Con-
sistent with the specificity of p70S6K for BAD S136, rapamycin

Fig. 1. Purification of the BAD S136
specific kinase. (A) The purification
scheme used for a BAD S136-specific ki-
nase. (B Upper) Fractions 11–16 from the
Mono Q column were assayed for BAD
kinase activity with GST-BAD S112A as a
substrate. (Lower) In-gel kinase assay
was performed by using the same frac-
tions as above with GST-BAD S112A as a
substrate. (C) A Western blot of fraction
14 from the Mono Q column using an
anti-p70S6K antibody. (D) Purified BAD
kinase (Mono Q, fraction 14) was tested
for its ability to phosphorylate GST-BAD
wild-type (BAD wt), and GST-BAD whose
S112, S136, or both were changed to
Ala (112A, 136A, and 112A136A). Re-
combinant p70S6K (Upstate Biotechnol-
ogy, Lake Placid, NY) was used to show
S136 specificity of BAD phosphorylation
in vitro.
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had no effect on IGF-1-mediated survival of FL5.12 BCL-XLy
BAD S136A cells, which possess only the BAD S112 site (data
not shown). Of note, rapamycin had no effect on IL-3-mediated
survival in the very same cell, revealing that IL-3 induces
kinase(s), in addition to p70S6K, that phosphorylate BAD on
S136 and promote cell survival. The data suggest that rapamycin,
which has been noted to interfere with IGF-1-mediated survival
in additional cell types (32), mediates its effects in this system
through p70S6K inactivation of BAD on S136.

IGF-1 Induces Mitochondrial-Based p70S6K, Which Phosphorylates
S136 on BAD. To examine whether IGF-1 induces the phosphor-
ylation of BAD and whether rapamycin selectively prevents
phosphorylation of S136, we directly assessed phosphorylation in
cells in which only S136 or S112 was available. IGF-1 induced
BAD phosphorylation at S112 as well as S136 sites, as detected
by pS112 and pS136 phosphospecific antibodies. However, rapa-
mycin strongly inhibited the pS136, but had no substantial effect
on pS112 phosphorylation (Fig. 3A). These in vivo data are
consistent with the in vitro observation that p70S6K phosphor-

ylates only the S136 site (Fig. 1D). Consistent with cell survival
studies, rapamycin did not substantially block IL-3-induced BAD
phosphorylation on either S112 or S136 (data not shown).

We next examined whether IGF-1 would regulate the p70S6K
activity associated with mitochondria. IGF-1 induced the activity
of p70S6K in the mitochondrial fraction. The p70S6K activation
was diminished to nearly basal levels by treating cells with

Fig. 2. Inhibition of p70S6K activation induced by IGF-1 enhances cell death.
FL5.12 BCL-XLyBAD S112A cells were deprived of IL-3 with or without rapa-
mycin (20 ng/ml, Calbiochem) to initiate a death signal, whereas IGF-1 (50
ng/ml, Life Technologies) or IL-3 (10 ng/ml, Genzyme) was added back at 4 h
before irreversible damage occurred. At each time point, viability was assessed
by trypan blue exclusion. The IGF-1- or IL-3-dependent survival is compared
with and without rapamycin. Data shown are representative of three inde-
pendent experiments.

Fig. 3. Rapamycin specifically inhibits IGF-1-induced BAD S136 phosphory-
lation and p70S6K activity in the mitochondrial fraction. (A) Survival factors
were withdrawn from FL5.12 BCL-XLyBAD S112A or FL5.12 BCL-XLyBAD S136A
cells for 4 h (2IGF-1), followed by addition of IGF-1 (50 ng/ml) for 15 min
(1IGF-1). Rapamycin (20 ng/ml) was added when factors were withdrawn.
Western blot analyses were done with antibodies that recognize phosphor-
ylated forms of BAD at S112 or S136 (19, 22). The filters were reprobed with
an antibody that recognizes BAD regardless of its phosphorylation state. Data
shown are representative of two independent experiments. Histograms
present the fold increase in intensity of the phosphorylated band relative to
total BAD, in which 2 IGF-1 is set at 1.0. (B) FL5.12 BCL-XLyBAD S112A cells were
treated as in A. The mitochondrial heavy membrane fractions were analyzed
by Western blot with an anti-p70S6K Ab (Upper), or immunoprecipitated with
an anti-p70S6K Ab, followed by an in vitro kinase assay using GST-S6 as
substrate. Data shown are representative of two independent experiments.
Histogram presents the fold increase in intensity of the phosphorylated S6.
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rapamycin (Fig. 3B). In contrast, AKT, a kinase found in the
cytosol that is also activated by IGF-1 treatment, was not
affected by rapamycin (data not shown). In total, these results
argue that mitochondria-associated p70S6K directly phosphor-
ylates BAD S136 to promote cell survival.

p70S6K Deficiency Eliminates IGF-1-Induced Phosphorylation of BAD
S136. We turned to p70S6K-deficient cells to directly test the
importance of this particular kinase in IGF-1-induced phosphor-
ylation of BAD (29, 33). In wild-type embryonic stem (ES) cells,
IGF-1 induced the phosphorylation of endogenous BAD on
S136 (Fig. 4). In contrast, IGF-1 induced essentially no BAD
S136 phosphorylation in p70S6K2/2 ES cells. However, IGF-1-
induced activation of AKT as assessed by an anti-phospho-AKT
Ab was even stronger in p70S6K2/2 cells. This in vivo loss of
function study provides further support for p70S6K, rather than
AKT in this system, as a kinase responsible for BAD S136
phosphorylation downstream of IGF-1.

p70S6K Blocks BAD-Induced Apoptosis by Phosphorylation of S136. To
assess whether p70S6K is capable of suppressing BAD-induced
cell death in a S136 site-dependent manner, we compared the
capacity of wild-type versus kinase-dead p70S6K expression to
counter BAD in Rat-1a cells. BAD wild-type and serine-
replaced mutants induced cell death in 80–90% of transfected
cells. Wild-type, but not kinase dead p70S6K effectively sup-
pressed the death induced by BAD wild-type or BAD S112A
(Fig. 5). In contrast, death induced by BAD S136A or BAD
S112AS136A was not substantially rescued by cotransfection
with wild-type p70S6K. These results indicate that p70S6K can
potently block BAD-induced apoptosis by phosphorylation of
the S136 site. In total, these results indicate that mitochondria-
associated p70S6K is a prominent kinase in a survival signaling
pathway downstream of IGF-1, where it is responsible for
inactivating BAD.

Discussion
It has been shown that ‘‘BH3 domain-only’’ pro-apoptotic mem-
bers connect proximal death and survival signals to the core

apoptotic pathway at the level of the ‘‘multidomain’’ BCL-2
family members (34). For example, BID proved important in
hepatocytes for cell death after Fas activation in vivo (35). BIM
is important in neuronal as well as hematopoietic cells for cell
death after survival factor withdrawal (36, 37). These results,
coupled with the observations on BAD, indicate that each BH3
domain-only member plays a distinct role in selected cell types
after specified death and survival signals.

A model factor, IGF-1, promotes cell growth, including vol-
ume control, protein synthesis and metabolic rate (1, 38), as well
as represses apoptosis (2, 3) (Fig. 6). IGF-1 activates downstream

Fig. 6. p70S6K as a dual pathway kinase. A schematic diagram of survival and
growth substrates of S6K.IGF-1R, IGF-1 receptor; PI3K, phosphatidylinositol
3-kinase; PDK-1, 3-phosphoinositide-dependent protein kinase 1.

Fig. 4. IGF-1-induced phosphorylation of BAD S136 is abolished in p70S6K-
deficient cells. Serum was withdrawn from p70S6K1/1 or p70S6K2/2 ES cells for
4 h (2IGF-1), followed by addition of IGF-1 (50 ng/ml) for 15 min (1IGF-1).
Whole-cell extracts were immunoprecipitated with an anti-BAD antibody,
followed by Western blot analyses with a phospho-S136-specific anti-BAD
antibody or an antibody that recognizes BAD regardless of its phosphoryla-
tion state. Western blot analyses were also done by using an antibody that
recognizes the phosphorylated form of AKT or an antibody that recognizes
AKT regardless of its phosphorylation state. Data shown are representative of
two independent experiments.

Fig. 5. p70S6K suppresses BAD-mediated death in a S136-dependent man-
ner. Rat-1a cells were transiently cotransfected with a luciferase reporter
together with constructs expressing either BAD wild-type (Wt), S112A, S136A,
or S112AS136A together with constructs expressing either p70S6K Wt or a
kinase-dead (KD) mutant (Lys-1003Gln) that does not bind ATP. Twenty-four
hours after transfection, serum was withdrawn for 16 h. Luciferase activity
(ordinate, arbitrary units) has been shown to represent the viability of the
cells defined (9, 27), and this assay is representative of three independent
experiments.
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p70S6K by multisite phosphorylation, which includes phosphoi-
nositide-dependent protein kinase 1 phosphorylating the acti-
vation loop of p70S6K as well as rapamycin-sensitive mTORy
FRAP, which appears to regulate T389 phosphorylation (30, 31,
39–41). Although an immunosuppressive agent, rapamycin, has
also been reported to induce apoptosis in multiple cell types (32,
42–46), the elimination of a p70S6K survival pathway by rapa-
mycin as defined here provides a mechanistic explanation for the
noted apoptosis. This expands the role of p70S6K beyond its
documented affects by means of S6 to increase ribosomal
biosynthesis, to now include cell survival. These observations
should promote a detailed search for the reciprocal effects of
BAD and p70S6K on selected cells in whole animals. Mitochon-
drial-based BAD represents one bona fide substrate for p70S6K
that resides in the apoptotic pathway. Additional mitochondrial
substrates in the apoptotic or perhaps metabolic growth path-
ways may well exist. Of note, evolving evidence indicates that a
unique 55–60S subset of ribosomes is present in mammalian
mitochondria, perhaps associated with the inner membrane,
which may represent a mitochondrial protein biosynthetic system
(47). Although p70S6K appears to perform a focused kinasey
substrate interaction at this organelle (48, 49), it does not
become an integral mitochondrial membrane protein (data not

shown), suggesting it is not localized to any internal ribosome
and may prove more analogous to protein kinase A, which is part
of a mitochondrial-tethered complex that phosphorylates the
BAD S112 site (21). Other evidence indicates that ribosomes
synthesizing nuclear-encoded mitochondrial proteins may bind
specifically to the surface of mitochondria, providing an alter-
native mechanism whereby p70S6K could have mitochondrial as
well as ribosomal substrates (50). p70S6K, which has been
proposed to serve as a key coordinator between ribosome
biogenesis and cell-cycle progression (1, 38, 51), may also help
to integrate apoptosis with these processes. We propose that the
dual pathway capability of p70S6K evolved as a tightly coupled
mechanism to ensure the inhibition of apoptosis during periods
of increased metabolic stress that accompany cell growth.
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